f Infectious bursal disease virus (IBDV) causes an economically significant disease of chickens worldwide. Very virulent IBDV (vvIBDV) strains have emerged and induce as much as 60% mortality. The molecular basis for vvIBDV pathogenicity is not understood, and the relative contributions of the two genome segments, A and B, to this phenomenon are not known. Isolate 94432 has been shown previously to be genetically related to vvIBDVs but exhibits atypical antigenicity and does not cause mortality. Here the full-length genome of 94432 was determined, and a reverse genetics system was established. The molecular clone was rescued and exhibited the same antigenicity and reduced pathogenicity as isolate 94432. Genetically modified viruses derived from 94432, whose vvIBDV consensus nucleotide sequence was restored in segment A and/or B, were produced, and their pathogenicity was assessed in specific-pathogen-free chickens. We found that a valine (position 321) that modifies the most exposed part of the capsid protein VP2 critically modified the antigenicity and partially reduced the pathogenicity of 94432. However, a threonine (position 276) located in the finger domain of the virus polymerase (VP1) contributed even more significantly to attenuation. This threonine is partially exposed in a hydrophobic groove on the VP1 surface, suggesting possible interactions between VP1 and another, as yet unidentified molecule at this amino acid position. The restored vvIBDV-like pathogenicity was associated with increased replication and lesions in the thymus and spleen. These results demonstrate that both genome segments influence vvIBDV pathogenicity and may provide new targets for the attenuation of vvIBDVs.
I nfectious bursal disease virus (IBDV) of chickens (Gallus gallus)
is one of the most economically significant viruses of poultry worldwide. Serotype 1 IBDV strains infect B lymphocytes in the bursae of Fabricius (BF) of young chickens, inducing infectious bursal disease (IBD) which causes immunosuppression and sometimes mortality (1) . Since 1987, very virulent IBDV (vvIBDV) strains have emerged and spread worldwide (2) . Clinical signs caused by vvIBDV infection occur from 2 days postinfection (DPI) and typically include ruffled feathers, severe prostration, diarrhea, dehydration, and as much as 60% mortality (1) . Intense inflammatory damage is caused in the BF as a result of the activation of T lymphocytes (3) and mast cells (4) . This results macroscopically in bursal hypertrophy with edema and hemorrhages and microscopically in severe inflammation and depletion of the lymphoid follicles in the BF during the first 4 DPI, followed by atrophy of the organ (5) . Different types of vaccines have been developed to prevent IBD, but no efficient method of treating the disease exists yet (6) .
IBDV is a member of the family Birnaviridae, genus Avibirnavirus (7) . The virus has a bisegmented double-stranded RNA (dsRNA) genome. Genome segment A (3.2 kbp) encodes a precursor polyprotein that is autocatalytically cleaved into proteins pVP2 (which subsequently matures into VP2), VP4, and VP3 (8) . VP2 is the capsid protein and carries the major immunogenic determinants (9, 10) . Its 3-dimensional structure has been described previously (11) . VP4 is the virus protease (12, 13) , responsible for the cleavage of the polyprotein. VP3 is a ribonucleoprotein and scaffolding protein (14) (15) (16) (17) (18) . In a preceding, much shorter, and partially overlapping open reading frame (ORF), segment A also encodes the nonstructural protein VP5 (19) , which is involved in virus release (20) and apoptosis (21, 22) . Genomic segment B (2.8 kbp) encodes the virus RNA-dependent RNA polymerase (RdRp) VP1 (23, 24) . Its crystal structure and activation mechanism have been described previously (25) . VP1 exists in the virus particle both as a free protein and as a genome-linked protein (26) ; it interacts with the viral genome (26, 27) and the carboxy-terminal region of VP3 (18, 28) .
The antigenicity and pathogenicity of IBDV strains differ extensively. Although some progress has been made in understanding the molecular biology of IBDV, especially since a reverse genetics system has been available (29) , the molecular basis for the increased pathogenicity of vvIBDV is still not fully understood.
Reverse genetics studies have shown that genome segment A provides the main basis for the bursal tropism of serotype 1 IBDV (30) and for IBDV pathogenicity. Indeed, the VP2-encoding region of a typical vvIBDV, expressed in the genetic context of a mildly virulent cell culture-adapted IBDV recipient strain, conferred the ability to induce severe bursal lesions (31) . In addition, the alteration of VP2 amino acids (aa) 253, 279, and/or 284 of a vvIBDV strain by reverse genetics conferred adaptation to chicken embryo fibroblasts (CEF) (32) (33) (34) . The resulting viruses proved to be attenuated for chickens (34, 35) , but reversion mutations were observed upon passage in chickens and could restore virulence (36) . VP2 is, however, unlikely to be the only factor for virulence: laboratory-engineered reassortant viruses derived from vvIBDV exhibited delayed replication in the bursa (37) or failed to induce morbidity and mortality (31) unless they also had a typical vvIBDV-related segment B. This observation is consistent with the phylogeny-based hypothesis that both genome segments may be involved in the emergence of vvIBDV (38, 39) . Recently, this hypothesis was substantiated by the isolation of three naturally occurring segment B-reassorted vvIBDV isolates, all with reduced pathogenicity in chickens (40, 41) . Another recent experimental study based on reverse genetics demonstrated that several domains of the IBDV polymerase may contribute to virulence (42) . Taken together, these findings suggest that mechanisms involving both segment A-and segment B-encoded proteins may be responsible for vvIBDV pathogenicity.
IBDV strain 94432 was originally identified as having both genome segments phylogenetically related to vvIBDVs (41, 43) and exhibiting atypical antigenicity (44) , most probably based on one amino acid change in the variable antigenic domain of VP2 (43) . In this paper we confirm unpublished previous observations that 94432 replicates extensively in the BF but induces only mild clinical signs and does not cause mortality, thus exhibiting a clear discrepancy between its vvIBDV-related genotype and its mildly pathogenic phenotype. Furthermore, we used reverse genetics as described by Mundt and Vakharia (29) to produce a molecular clone of 94432 with the same phenotype as its parent strain. By use of site-directed mutagenesis, the vvIBDV consensus nucleotide sequence was restored in different regions of 94432 genome segments A and/or B. The recombinant viruses were rescued and were tested for virulence under standardized experimental conditions. This in vivo study identified two amino acid changes critical for the reduced pathogenicity of isolate 94432, one at position 321 in the P HI loop of the VP2 projection domain (11) and the other at amino acid position 276 in VP1, located in the "finger" subdomain (25, 45) . These findings experimentally demonstrate that both genome segments A and B contribute to vvIBDV virulence, and they may provide new targets for vvIBDV attenuation.
MATERIALS AND METHODS

Ethics statement.
All experiments were performed in agreement with national regulations on animal welfare and animal experiments, according to authorizations no. 22-4 and B-22-745-1 by the Prefecture des Cotes-d'Armor, France. The rescue and in vivo characterization of recombinant IBDVs (see below) were performed according to authorization no. 3569 CA-I by the French Commission for Genetically Modified Organisms. Experimental protocols for specific-pathogen-free (SPF) chickens were approved by the ethical committee of our institution (ComEth Afssa/ENVA/UPEC) under references 10-0007 and 10-0024.
Viruses and titrations. The origins of strains 94432 (43, 46) , F52/70 (47), BD3 (48) , and 89163 (49) have been reported previously. Virus suspensions were prepared from the BF of inoculated chickens as described previously (49) . Virus suspensions were titrated in 10-day-old SPF hen eggs (Anses-Ploufragan) (10-fold dilutions; 0.1 ml per egg; chorioallantoic membrane route; 7 eggs per dilution). Titers are expressed in median embryo infectious doses (EID 50 ) (50) .
Cells and chickens. Transfection experiments were performed with CEF derived from SPF hen eggs (Anses-Ploufragan). All animal experiments were performed with 6-week-old SPF White Leghorn chickens (Anses-Ploufragan) housed in filtered-air, negative-pressure isolation units.
Sequencing of full-length segments A and B of IBDV strain 94432. Viral RNA was extracted from infected BF as described previously (43) . The complete nucleotide sequences of segments A and B were determined by sequencing of overlapping reverse transcription-PCR (RT-PCR) products as described previously (41) and by rapid amplification of 5= cDNA ends (5= RACE; Invitrogen) (42, 51) .
Construction of full-length cDNA clones of 94432 segments A and B. cDNA copies of segments A and B were produced by RT using sense primers complementary to the 3= ends of their noncoding strands. (All primer sequences used in this study are available upon request.) The two sense primers contained 5= extensions carrying the T7 promoter and a restriction site required for subsequent cloning of the PCR products. The resulting cDNAs were amplified by PCR using the same sense and antisense primers (sequence determined by 5= RACE in 94432, with a 5= extension containing the restriction sites required for subsequent cloning and linearization). The purified PCR products were cloned into the pUC18 vector. The resulting plasmids, designated pA94 and pB94 for segments A and B, respectively, were transformed into Escherichia coli, purified, and sequenced on both strands as described above. The sequences of pA94 and pB94 were corrected by site-directed mutagenesis (Stratagene) until they perfectly matched those of the BF-propagated 94432 virus.
Construction of recombinant IBDV segments A and B by site-directed mutagenesis. Table 1 presents the locations of genetic changes in segments A and B of 94432 compared with the noncoding regions (NCRs) of vvIBDV strain D6948 or the consensus coding region of vvIBDV strains D6948, HK46, BD3, and UK661 (accession numbers as shown in Table 1 footnote). Changes introduced into pA94 by sitedirected mutagenesis resulted in five new constructs (Fig. 1A) , with the vvIBDV genotype restored in either (i) the entire genome segment A (9 mutations; plasmid pAvv), (ii) the 5= NCR only (1 mutation; plasmid pA94[NCR5=vv]), (iii) the coding region (CR) only (3 mutations; plasmid pA94 [CRvv] ), (iv) the 3= NCR only (5 mutations; plasmid pA94[NCR3=vv]), or (v) the VP2 protein only (1 mutation; plasmid pA94[V321A]). Likewise, changes introduced into pB94 resulted in a "vvIBDV-like" B plasmid (pB94vv) and in five mutated derivatives of plasmid pB94vv, each retaining 1 aa typical of 94432. These plasmids were identified as pBvv-61, pBvv-112, pBvv-276, pBvv-363, and pBvv-763, depending on which of the 94432-like amino acids was retained (aa 61, 112, 276, 363, or 763) (Fig. 1B) . The complete sequences of all plasmids were confirmed by nucleotide sequencing in both directions.
Rescue of infectious recombinant IBDVs. In vitro synthesis of cRNA from the linearized plasmids, subsequent transfection of CEF with capped cRNAs, and rescue in chickens of infectious IBDV from the transfected cells were all performed as described previously (42) . Table 2 presents the genetic makeup of the rescued recombinant viruses. The sequence of each rescued IBDV was checked for conformity with the expected construction by nucleotide sequencing.
Comparison of IBDV antigenic profiles. The parent virus 94432 and its molecular copy mc94432 were characterized antigenically by using an antigen capture enzyme-linked immunosorbent assay (AC-ELISA) as described previously. This test is based on a panel of eight IBDV-specific neutralizing monoclonal antibodies (Mabs) that detected at least six epitopes located in the VP2 hypervariable domain (43, 46, 52) .
Animal experiments.
Five animal experiments were designed (Table 2) in order (i) to compare the pathogenicity of mc94432 with those of two representative vvIBDV strains and the parental virus 94432, (ii) to evaluate the importance of different regions of segment A in the reduced pathogenicity of 94432, (iii) to determine which amino acid(s) encoded by segment A is responsible for reduced pathogenicity, (iv) to evaluate the importance of segment B, or (v) to determine which amino acid(s) encoded by segment B is responsible for reduced pathogenicity. Table 2 shows which viruses were included in the individual experiments.
Briefly, at day 1, 6-week-old SPF chickens were weighed and were divided into groups of comparable sex and weight, 20 to 25 birds each. Individual chickens were identified by colored rings on their legs. The blood of at least 5 chickens per group was sampled to confirm seronegativity for IBDV. On the same day, each bird was inoculated intranasally with 10 5 EID 50 of the challenge virus. All groups receiving infectious virus were housed in negative-pressure filtered-air isolators. All experiments included a mockinoculated control group of comparable size, receiving phosphate-buffered saline (PBS) only and kept in a positive-pressure isolator.
Assessment of pathogenicity during the acute phase of the disease was based on (i) the intensity of clinical signs observed until 10 days postinfection (DPI), (ii) mortality rates, (iii) IBDV-induced bursal atrophy (as measured by the bursa-to-body weight [b/B] ratio), (iv) the severity of histological lesions (see below) in the BF (as well as in the thymus and spleen in experiments 2, 3, 4, and 5) at 1, 4, and 21 or 24 DPI, (v) serological responses at the ends of the experiments, and (vi) the virus load in the lymphoid organs sampled throughout the experiments. In addition, in experiments 4 and 5, bursal mastocytes were quantified by immunostaining at 4 DPI (see below).
Clinical signs were quantified using a newly developed symptomatic index (42) . Briefly, scores on this index range from 0 to 3 with increasing severity, as follows: 0, "lack of signs"; 1, "typical IBD signs (ruffled feathers) conspicuous in quiet bird only, the bird stimulated by a sudden change in environment (light, noise, or vicinity of experiment observer) appears normal, motility is not reduced"; 2, "typical IBD signs conspicuous even when bird is stimulated, dehydration is apparent, motility may be slightly reduced"; 3, "typical severe IBD signs with prostration or death." In all experiments, the mean symptomatic index (MSI) scores of the surviving chickens were calculated daily from 1 to 10 DPI. To ensure consistency in the evaluation of the symptomatic index, each score was determined independently by two previously trained observers. The results of the two observers were compared, and a consensus score was determined.
Histological examinations. Histological examinations were performed by M. Lagadic (Maisons-Alfort, France). Histopathological damage in the BF was quantified by the bursal lesion score (BLS) according to Skeeles' scale (53) , with five degrees, as follows: 0, no lesions; 1, mild (scattered cell depletion in a few follicles); 2, moderate (one-third to onehalf of the follicles have atrophy or depletion of cells); 3, diffuse (atrophy of all follicles); 4, acute inflammation and acute necrosis typical of IBD. Thymic lesions were quantified based on two criteria: "lymphoid necrosis" and "depletion of lymphoid cells." Spleen lesions were quantified similarly based on five criteria: "lymphoid necrosis," "hyperplasia of macrophagic sheaths," "sero-fibrinous exudate," "necrosis of macrophages," and "vacuolization of macrophages." The score for each criterion ranged from 0 to 4 with increasing severity, so that thymus and spleen examinations resulted in compound thymic or spleen lesion scores (TLS or SLS, respectively) ranging from 0 to 8 or 0 to 20, respectively.
Mast cell immunostaining. Mast cell examinations were performed by A. Fautrel (INSERM U620, H2P2 histopathology platform IFR140, Rennes, France). Changes in mast cell numbers in the BF were quantified at 4 DPI by staining using rabbit polyclonal antibodies (Dako, Glostrup, Denmark) that bind mast cell receptor CD117/c-kit. Tissues were fixed in 10% formalin and were embedded in paraffin. Serial 4-m sections were prepared. Mast cells were stained with rabbit anti-human CD117 (dilu- a Nucleotide (lowercase letters) or amino acid (capital letters) differences in the noncoding or coding regions, respectively, of segments A and B of 94432, compared with the NCRs of the well-defined strain D6948 (the reference vvIBDV strain) or with the consensus coding region of typical vvIBDV strains D6948, HK46, BD3, and UK661 (accession no. AF240686 and AF240687, AF092943 and AF092944, AF362776 and AF362770, and X92760, and X92761, respectively). For each nucleotide or amino acid position where 94432 differs from the vvIBDV consensus, the nucleotides or amino acids present in segments A and B of attenuated cell culture-adapted IBDV strains P2, CEF94, and CT (accession no. X84034 and X84035, AF194428 and AF194429, and AJ310185 and AJ310186, respectively) are also indicated. b The presence of nt 3262 in segment A of 94432 was confirmed by 5= RACE in 7 sequenced clones. (18) . The 3-dimensional structure of the IBDV RdRp allowed us to determine that the polypeptide chain can be divided into an N-terminal domain (N-ter); the central polymerase domain, which contains the "finger" (F1 and F2), "palm" (P1 and P2), and "thumb" (T) subdomains; and a C-terminal domain (C-ter) (25, 45) . Changes introduced into pB94 by site-directed mutagenesis resulted in a "vvIBDV-like" B plasmid (pBvv) and in five mutated derivatives of plasmid pBvv, each retaining 1 aa typical of 94432. The positions and identities of the vvIBDV amino acids introduced are given in open boxes below each segment map.
tion, 1/400; 30 min; 37°C) and biotinylated goat anti-rabbit IgG (dilution, 1/700; 30 min; 37°C) antibodies. Immunostaining was revealed by a DABMap kit (Ventana, Illkirch, France). Finally, hematoxylin-erythrosin-saffron was applied to identify the nuclei and cytoplasm of cells. The number of mast cells was analyzed in at least 10 fields of stroma view per BF by using a Nikon 80i microscope coupled to a QICAM Qimaging camera fitted into a microscope. Mast cells were counted after image treatment with ImageJ 1.38X software (NIH, Bethesda, MD). IBDV neutralization test. Virus neutralization (VN) tests were performed in CEF by using 100 median tissue culture infective doses (TCID 50 ) of IBDV strain CT (serotype 1) per well, as described previously (44) . The VN titer was expressed as the log 2 of the last serum dilution resulting in 100% neutralization of the cytopathogenic effect. VN titers higher than 3.3 were considered positive.
IBDV quantitation using qRT-PCR. In experiments 2 and 3, a TaqMan-based quantitative RT-PCR (qRT-PCR) for IBDV segment A was implemented. A separate RT step allowed us to target the negative strand of the virus RNA, present in mature IBDV particles only. (This avoided subsequent quantitation of the positive-stranded transcript copies.) The virus load was expressed in EID 50 , calculated from the qRT-PCR values by using a standard curve prepared from serial 10-fold dilutions of an aliquoted and repeatedly egg-titrated reference suspension of mc94432.
In experiments 4 and 5, a tagged TaqMan-based qRT-PCR specific for the negative B strands of recombinant viruses was used. Briefly, the strand-specific qRT-PCR used a low concentration of a chimeric primer (including a virus-specific 3= tail and an unrelated 5= extension) at the reverse transcription step. cDNAs were then purified, and a set of specific primers and probe was used for quantitative PCR. The upper PCR primer and the probe were specific for the IBDV sequence, whereas the lower PCR primer had the same sequence as the 5= extension of the chimeric RT primer (54) .
Molecular identification of IBDV shed by inoculated birds. The identities of IBDV strains in the BF of inoculated birds were confirmed either by partial sequencing of genome segments A and B in regions allowing the unambiguous identification of the recombinant viruses or by full-length sequencing of the segment A and B coding regions (mc94432-inoculated birds in experiment 5).
VP1 and VP2 structure images and VP1 aa 276 pocket prediction and crystal contact analysis. Images of the structures of VP1 and VP2 were generated with the UCSF Chimera molecular modeling system, alpha version 1.3, and Protein Data Bank (PDB) files 2PGG and 1WCD, respectively. In Fig. 2A (right) , the VP2 monomer is shown in a putty representation, generated by PyMOL (The PyMOL Molecular Graphics System, version 1.3; Schrödinger, LLC), where color and width are proportional to the crystallographic temperature values. The crystal structure of VP1 was submitted to the CASTp server for prediction of pockets (55) , and crystal contacts were analyzed with the CCP4 ACT program (56) .
Molecular dynamics and analysis. Birnavirus VP2 was used in its native form and with an A321V substitution for determination of the crystal structure (11) (PDB identification [ID] 1WCD) and was explicitly solvated with TIP3P water molecules and Na ϩ and Cl Ϫ counterions by using the VMD program (version 1.9.1) (57). Molecular dynamics simulations were performed under isobaric-isothermal conditions with periodic boundary conditions by using the NAMD program (version 2.7) (58) on the Biowulf Linux cluster at the National Institutes of Health, Bethesda, MD (biowulf.nih.gov). Electrostatic interactions were calculated using the Particle-Mesh Ewald summation. The CHARMM27 force field (59) was used with CHARMM atom types and charges. Prior to the start of 
a -, no plasmid used; field isolate.
the simulation, in silico minimization was performed using a conjugate gradient method, followed by slow warming to 310 K in 10 K increments. Each increment ran for 5 ps in order to equilibrate the system at a given temperature. Langevin dynamics were used to maintain the temperature, and a modified Nosé-Hoover Langevin piston was used to control the pressure. Once the 310 K target temperature was reached, each system was equilibrated for an additional 50 ps. Trial runs were conducted at 310 K for 5 ns, with data collected every ns. For all simulations, a 2-fs integration time step was used. Snapshots were output every 100 ps for further analysis. The counts of the pairwise hydrogen bonds and neighboring contacts from LigPlot (60) were averaged over these 200 snapshots, and standard deviations were calculated. Statistical analysis. Percentages were compared using the Fisher exact test. Small series of quantitative values were compared using the nonparametric Kruskal-Wallis test for one-way analysis of variance. Bonferroni's correction for multiple comparisons was implemented where relevant. All statistical analyses were performed using Systat software, version 9.0 (Systat Software, Inc., 1998).
Nucleotide sequence accession numbers. The full-length nucleotide sequences of segments A and B of virus 94432 have been submitted to the EMBL database (accession no. AM167550 and AM167551, respectively).
RESULTS
Both genome segments of 94432 are related to their counterparts in vvIBDVs but exhibit specific nucleotide or amino acid changes. Both genome segments A and B were completely sequenced and were compared, by using a previously reported phylogenetic approach (41) , with their counterparts in very virulent or attenuated IBDV strains retrieved from data banks. Genome segments A and B of 94432 exhibit significant phylogenetic relationships with their counterparts in vvIBDVs (100% bootstrap value), irrespective of the calculation method (data not shown). Table 1 summarizes the genetic differences observed between 94432 and typical vvIBDV or attenuated IBDV strains. In segment A, the 5= and 3= NCRs of 94432 exhibited one and five nucleotide differences, respectively, from typical vvIBDV strain D6948. The coding region contained three amino acid differences between 94432 and the vvIBDV consensus, in VP5 (aa 78), VP2 (aa 321), and VP3 (aa 951). Based on the structure of VP2, amino acid position 321 is located in a flexible region exposed at the virus surface, between the H and I ␤-strands (11) (Fig. 2) , and may be involved in antigenicity (9) . Interestingly, the amino acid changes observed at positions 78 and 951 in 94432 had also been reported previously for vvIBDV strain UK661 (61) . In 94432 segment B, the 5= and 3= NCRs exhibited no nucleotides different from those for D6948 (Table 1) , whereas the VP1sequence exhibited five amino acid differences (V61I, S112P, T276A, A363V, and E763D) from the vvIBDV consensus.
Taken together, these results suggested that the attenuated phenotype of 94432 was not likely to be due to reassortment or recombination events with attenuated strains. mc94432 and its parental strain, 94432, exhibit similar phenotypes. To determine the mutation(s) involved in the reduced pathogenicity of 94432, we developed a reverse genetics system for this virus and rescued its molecular clone mc94432. We first compared the phenotype of mc94432 with those of two typical vvIBDV strains, BD3 and 89163, and with that of its parental virus, 94432 (Fig. 3) .
Six-week-old SPF chickens were housed by groups of 20 to 25 under the same experimental conditions and were inoculated intranasally with a standard virus dose of 10 5 EID 50 . BD3 and 89163 each induced 25% mortality (Fig. 3A) . This compared well with the 31% Ϯ 8% mean mortality observed in seven repeated trials run under similar experimental conditions in our laboratory, with the 89163 virus used as a reference vvIBDV strain (data not shown). In sharp contrast, neither 94432 nor mc94432 induced any mortality (P Յ 0.05). Furthermore, 94432 and mc94432 both induced mild signs in surviving chickens (maximum MSI scores for surviving chickens, 0.4 Ϯ 0.7 and 0.2 Ϯ 0.4, respectively, at day 3 postinoculation), whereas BD3 and 89163 both induced severe clinical signs (maximum MSI scores for surviving chickens, 1.5 Ϯ 1.1 and 1.3 Ϯ 1.2, respectively, at day 4 postinoculation) (P Յ 0.05) (Fig. 3B) . These results confirmed that 94432 and mc94432 exhibited similar levels of pathogenicity, reduced from those of the typical vvIBDV strains.
The phenotypic similarity between 94432 and mc94432 was further confirmed by the fact that these two viruses induced very similar bursal atrophy, similar BLS at both 4 and 21 DPI, similar VN titers at 24 DPI, and similar virus titers at 4 DPI (data not shown). In addition, mc94432 exhibited the same atypical antigenic profile by AC-ELISA as the parental virus, 94432 (no binding of Mabs 3 and 4, minimal binding of Mab 5, and reduced binding of Mab 6 [ Table 3 ]) (43) .
Taken together, these results convincingly support the assertion that mc94432 and the parental virus 94432 are attenuated and exhibit similar phenotypes.
FIG 2 Location of amino acid 321 in the VP2 crystal structure. (A) (Left)
Amino acid 321 (magenta), located in the exposed hydrophilic peak B of the hypervariable domain, is shown in the crystal structure of the VP2 monomer (11) along with aa 222 and 223 (orange), which were identified as belonging to the Mab4 epitope (43, 44) . Note that the variation in the number of spheres for a given amino acid is representative of the complexity of its side chain. Mutations in both segments A and B reduce 94432 pathogenicity. To determine which genome segment of 94432 was responsible for the phenotype of this virus, we engineered several recombinant viruses ( Fig. 1 ; Table 2 ).
We first studied segment A mutations. Four viruses ( Fig. 1A ; Table 2 , experiment 2) were rescued. Each contained the wild-type segment B of 94432, combined with a segment A into which mutations had been introduced, so that one or more of the 5= NCR, the coding region, and the 3= NCR would match the typical vvIBDV sequence. The in vivo pathogenicity of these newly generated viruses was compared to that of mc94432 by using the standardized experimental protocol described above. Only viruses containing a segment A with a vvIBDV-like coding region (A94[CRvv]B94 and AvvB94) induced mortality (10% in the two challenged groups [Fig. 4A]) . A clear difference in severity was also apparent at the peak of clinical expression (3 DPI), when the MSI scores reached 1.5 Ϯ 0.8 and 1.3 Ϯ 0.8 for the groups challenged with AvvB94 and A94[CRvv]B94, respectively, but only 0.2 Ϯ 0.4 to 0.3 Ϯ 0.6 for the groups challenged with the other viruses (P Յ 0.05) (Fig. 4B) . Apart from the ability to induce mortality and severe clinical signs, the different recombinant viruses behaved extremely similarly in vivo, regardless of the parameters investigated (the virus titers in BF at 4 DPI, the BLS at 4 and 21 DPI, bursal atrophy, and the VN titers were not significantly different [data not shown]). Only A94[NCR5=vv]B94 replicated in the BF to a titer somewhat (0.5 log 10 ) less but significantly lower than those of the other viruses (data not shown). These results showed that mutations in the coding region of segment A affect the pathogenicity of 94432.
Interestingly, AvvB94 and A94[CRvv]B94 both induced less mortality (Fig. 4A ) than expected for a typical vvIBDV (Fig. 3A) (2). This suggested that segment A was only partly involved and that mutations in segment B also contributed to the reduced pathogenicity of 94432. We investigated this issue by generating two viruses containing a vvIBDV-like segment B, in association with segment A of 94432 (A94Bvv) or with a vvIBDV-like segment A (AvvBvv) (Fig. 1B; Table 2 , experiment 4). The pathogenicity of these two viruses was compared with that of mc94432 (Fig. 5A to  D) . Mortality was observed with A94Bvv and AvvBvv (33 and 40%, respectively), while no mortality was observed in the mc94432-and mock-inoculated control groups (P Յ 0.05). In addition, A94Bvv and AvvBvv induced IBD signs with similar intensities (peak at 3 DPI; MSI scores, 1.5 Ϯ 1.3 and 1.7 Ϯ 1.1, respectively [ Fig. 5B]) , which also compared well with what had been observed previously for typical vvIBDV (Fig. 3B ). In contrast, and as expected, mc94432 induced IBD signs of significantly Fig. 1 ) used to generate the indicated recombinant viruses are shown. Percentages of mortality were compared to that of the mock-infected group by using Fisher's exact test (*, P Ͻ 0.05). Multiple comparisons of symptomatic index scores were performed with the Kruskal-Wallis test. Treatments sharing the same lowercase letter do not differ significantly at a confidence level (P) of Յ0.05. lower intensity (maximum MSI score at 4 DPI, 0.2 Ϯ 0.2) (P Յ 0.05), which did not differ significantly from those observed in the mock-inoculated control group (Fig. 5B) . Remarkably, the increased pathogenicity of A94Bvv and AvvBvv, compared with that of mc94432 in experiment 4, was associated with the production by the former viruses of amounts of B strands in the thymus (AvvBvv) or spleen (A94Bvv and AvvBvv) slightly-but sometimes significantlylarger (P Յ 0.05) than those for mc94432 (Fig. 5C ). This increased pathogenicity was also associated with the induction by recombinant viruses A94Bvv and AvvBvv of significantly more histological damage in the thymus than that with mc94432 (mean TLS at 4 DPI, 6.8, 6.3, and 2.6, respectively; P Յ 0.05 [ Fig. 5D]) . The same trend was also observed in the spleen, with mc94432 inducing mean SLS lower than those of A94Bvv and AvvBvv; however, the variability of SLS was higher, and the differences did not reach significance (Fig. 5D) .
Taken together, these results showed that mutations in both segments A and B of 94432 contribute to the reduced pathogenicity of this virus. However, mutations in segment B have a greater impact.
The valine residue at VP2 position 321 contributes to reducing the pathogenicity of 94432. We next wanted to determine which mutation(s) in the coding region of segment A of 94432 could affect pathogenicity. Because mutations L78 and V951 are also found in UK661, a typical vvIBDV strain (Table 1) , it seemed unlikely that these mutations would contribute to reducing the pathogenicity of 94432. We therefore investigated the third mutation, introducing a valine at VP2 position 321. We rescued one recombinant virus containing segments A and B of 94432, but we replaced the V in position 321 of VP2 with an A, as found in a typical vvIBDV (A94[V321A]B94 [ Fig. 1A ; Table 2, (Table 3) , thus confirming experimentally that VP2 position 321 is critical to IBDV antigenicity.
We next compared the pathogenicity of A94[V321A]B94 with those of AvvB94 and mc94432 (Fig. 6 ). AvvB94 and A94[V321A]B94 induced 20 and 10% mortality, respectively (although there was no statistically significant difference from controls), and typical severe IBD signs following the same time course (P, Յ0.05 for comparison with mc94432 and mock infection at 3 and 4 DPI). Interestingly, histological lesion scores in the spleen and thymus tended again to increase with the severity of the signs; however, this observation did not reach statistical significance (Fig. 6C) . The responses to the different recombinant viruses were otherwise all similar, as measured by the BLS at 4 DPI; virus production in the BF, spleen, and thymus at 4 DPI; bursal atrophy; and the VN titer (data not shown). No significant differences were noticed at 1 DPI (data not shown).
Taken together these results showed that a valine residue at VP2 position 321 affects both the antigenicity and the pathogenicity of 94432.
The threonine residue at VP1 position 276 of segment B also contributes to the reduced pathogenicity of 94432. We next determined which mutation(s) in segment B of 94432 could contribute to modified pathogenicity. Five new recombinant viruses were rescued ( Fig. 1B; Table 2 , experiment 5). They all contained vvIBDV-like sequences in both segments A and B, but each re- All genetically modified viruses except AvvBvv-276 induced some mortality (Fig. 7A) : AvvBvv-61, AvvBvv-112, and AvvBvv-763 induced 25% mortality (P, Յ0.05 for comparison with the AvvBvv-276-and mock-inoculated control groups). Clinical signs (Fig. 7B) peaked at 4 DPI. AvvBvv-276 proved significantly less pathogenic (MSI score, 0.3 Ϯ 0.4) than AvvBvv and AvvBvv-61 (P Յ 0.05), which did not differ significantly from AvvBvv-112, AvvBvv-363, and AvvBvv-763, with MSI scores ranging from 0.9 Ϯ 1.0 to 1.3 Ϯ 1.2 at 4 DPI.
Regarding the virus load at 4 DPI, no significant difference could be observed in the BF or in the spleen. However, in the thymus, AvvBvv-276 yielded significantly fewer B strands (6.43 log 10 ) than did AvvBvv-61, AvvBvv-112, or AvvBvv-363 (7.07 to 7.35 log 10 ) (P Յ 0.05) (Fig. 7C) . Consistently, there were significantly fewer thymic lesions at 4 DPI in the mock-and AvvBvv-276-inoculated groups (mean TLS, 0.8 and 1.2, respectively) than in the groups receiving AvvBvv or AvvBvv-61 (mean TLS, 4.0 and 6.2, respectively) (P Յ 0.05) (Fig. 7D) . The intensities of splenic lesions were also significantly lower with AvvBvv-276 (mean SLS, 5.2) than with AvvBvv or AvvBvv-61 (mean SLS, 10.3 or 9.0, respectively) (P Յ 0.05) (Fig. 7D) .
In agreement with the absence of significant differences in the bursal virus load at 4 DPI, there was also no significant difference in BLSs or mast cell counts at 4 DPI, or in b/B ratios at 21 DPI (data not shown).
A spontaneously occurring reversion in mc94432 confirms the attenuating role of VP1 position 276. In contrast to the observations with mc94432 in our earlier experiments (0% mortality), the mc94432 challenge in experiment 5 induced 20% mortality (Fig. 7A) , and the chickens inoculated with this virus exhibited typical IBD signs that peaked at 3 DPI (MSI score, 0.8 Ϯ 1.1 [ Fig.  7B] ). This mortality rate did not differ significantly from that of the group that had received AvvBvv (15% mortality; MSI score at 3 DPI, 1.2 Ϯ 0.9). By some criteria measured in experiment 5 after inoculation with mc94432, this virus resembled the less-pathogenic viruses (e.g., mc94432 replicated significantly less in the thymus at 4 DPI than AvvBvv-61 or AvvBvv-112 [P Յ 0.05] [ Fig. 7C] ), but by others it resembled a more-pathogenic virus (e.g., mc94432 induced significantly more histological changes in the thymus than AvvBvv-276 [P Յ 0.05] [Fig. 7D]) .
To clarify the unusual pathogenicity of mc94432 in experiment 5, IBDV was isolated from the BF of all chickens that succumbed to mc94432 inoculation. The full-length coding regions of both segments A and B were sequenced and compared with the previously determined sequences of mc94432. This procedure revealed a single T276¡A amino acid change at VP1 position 276 in segment B, which restored a vvIBDV-like amino acid. The same amino acid change was detected in the BF of all the other dead chickens of the same group. This emerging virus was a true revertant, since the corresponding plasmid (segment B of mc94432 with a single vvIBDV-like position, position 276) had never been generated. This situation was clearly different from that of all other inoculated groups in the same experiment, where the shed viruses indeed had the same sequence as the inoculated viruses (i.e., no spontaneous mutation had occurred).
DISCUSSION
IBDV isolate 94432 was known from partial sequences to be phylogenetically related to vvIBDVs (41, 62) . This study confirms by full-genome analysis that it indeed is. The study further confirms our unpublished previous results showing that 94432 is surprisingly attenuated for a vvIBDV-related strain (no mortality and limited morbidity [ Fig. 3A and B] ). In the present study, we additionally investigated the relative contributions of both genome segments, A and B, to the unusual 94432 phenotype.
We found that VP2 amino acid mutation V321A was partly responsible for the low pathogenicity of 94432. However, the precise mechanism by which the V321A amino acid change might increase pathogenicity remains to be established. A321 is also present in classical virulent IBDV strains, such as F52/70 or CU1wt, or in cell culture-adapted attenuated viruses (Table 1) , all of which are less pathogenic than vvIBDV and induce minimal lesions in extrabursal organs. Hence, A321 in itself does not determine the pathogenic phenotype but is likely involved in interactions that allow other amino acids to contribute to pathogenicity. Alternatively, V321 may disrupt some interactions that are critical for the pathogenic phenotype or may create new ones that impair pathogenicity. The 3-dimensional structure of VP2 predicts that position 321 is located in one of the most flexible loops of the crystal structure (Fig. 2) , connecting two of the ␤-strands (H and I) that build up the projection domain P, exposed at the virus surface (11) . In short molecular dynamics simulations using the crystal structure of VP2 (11) in the native (A321) and variant (V321) forms, we observed significant differences in the conformation of the P HI loop relative to the P BC loop (data not shown). V321 is found to fold into the P BC loop. The P HI loop, centered on G319, opens away from the remainder of the P BC loop, allowing residues Y220, S315, and V256 to change their interactions.
How these modified interactions may influence pathogenicity is unclear. The possibility that position 321 is involved in interactions with an IBDV receptor cannot be ruled out. The sequence Ile-Asp-Ala (IDA) (aa 234 to 236) within the VP2 P domain was identified as a sequence matching the XDY triplet used by ␣4␤1 integrin to bind fibronectin (63) . Since the mutation at position 321 affects the structural area around aa 222 and 223, this amino acid could also influence interactions with fibronectin, due to the proximity to the IDA triplet. However, since most of the recombinant viruses studied here replicated to similar extents in the BF irrespective of their VP2 sequences, the hypothesis that differences in pathogenicity such as those observed here stem from different interactions with the IBDV receptor seems somewhat remote. Interestingly, vvIBDV strain 99323, which exhibits the A321T change, proved as pathogenic as French vvIBDV reference isolate 89163 under the same experimental conditions as those used here (52) . Comparison of the molecular structures of the V and T residues suggests a critical role for the methyl group found at the ␥ position in the V321 residue, which would result in low pathogenicity, whereas a hydroxyl group, such as that found at the ␥ position in the T321 residue, would not.
The antigenic consequences of the VP2 structural changes predicted are more readily clarified. Indeed, the present results confirm experimentally that VP2 position 321 modulates the binding to the epitopes probed by Mabs 4, 5, and 6 ( Table 3 ). The binding of Mab 4 had been shown previously to be affected by changes occurring in amino acid positions 222 and 223 of the P BC loop (43, 44) . Hence, the antigenic changes observed here are consistent with the structural predictions that changes at position 321 (P HI loop) will induce some changes in interactions with the P BC loop. The amino acids predicted to exhibit modified interactions are Y220, belonging to major hydrophilic peak A, and V256, located close to minor hydrophilic peak B, both located in VP2 regions suspected to have strong antigenic significance (10) . Remarkably, position 321 is mutated from A to E in the U.S. variant IBDV GLS-5, which is also extensively antigenically modified (43) . In addition, in 99323, a vvIBDV strain that is also extensively antigenically modified (52), position 220 is changed from Y to F and position 321 from A to T (52), an observation that further substantiates the possible interactions between residues 220 and 321.
Taken together, our results with segment A suggest that conformational changes affecting position 321 may have important effects in trans, by altering local conformation, which may in turn affect the interactions of VP2 involving these loops, with consequences for both pathogenicity and antigenicity. This would have to be confirmed by a complementary and reciprocal study introducing the single A321V change into another vvIBDV genetic background.
Although VP2 position 321 contributes to the attenuated phenotype of strain 94432, our findings demonstrate that segment B and the viral polymerase are primarily responsible for this reduced pathogenicity. Indeed, AvvBvv and A94Bvv were as pathogenic as wild-type vvIBDVs under similar experimental conditions ( Fig.  5A and B) . The literature regarding the role of a vvIBDV-like VP1 in pathogenicity is somewhat conflicting. In one study, a recombinant virus with segment A derived from the cell culture-adapted strain CEF94 and segment B derived from the vvIBDV strain D6948 failed to induce mortality (31) . However, in another study, two natural reassortant strains with similar genetic makeups induced 20 to 30% mortality (64, 65) . The current study demonstrates that both genomic segments of 94432, both of which are phylogenetically related to those of vvIBDVs, do contribute to pathogenicity. This primary contribution of VP1 to the pathogenicity of vvIBDV is consistent with the findings of a chronophylogenetic study suggesting that vvIBDV expansion was almost concomitant with the emergence of the typical vvIBDV-like segment B (38) .
The present study further suggests a critical role for VP1 residue 276 in both the pathogenicity of vvIBDV strains (which have an alanine at position 276) and the attenuated phenotype of 94432 (which has a threonine at position 276). Indeed, no mortality and significantly reduced morbidity were observed with AvvBvv-276, which was also more closely related to 94432 than any other virus with regard to the other pathogenicity criteria (Fig. 7) . The implication of position 276 in the reduced pathogenicity of 94432 was also fortuitously confirmed in experiment 5, when a pathogenic revertant derived from mc94432 emerged spontaneously. Fulllength sequencing of this revertant demonstrated that the only amino acid change associated with its increased pathogenicity was T276¡A, the reciprocal change of the attenuating mutation studied in AvvBvv-276. However, in spite of these convincing results, alanine 276 cannot be considered an absolute marker of pathogenicity, since it is also present in attenuated cell culture-adapted IBDV strains P2, CEF94, and CT. VP1 position 276 is located in the ␣6 helix of the "finger" subdomain of VP1 (45) . To our knowledge, position 276 has not been identified in previous studies as having a significant structural or functional role. Position 276 lies at the nadir of a partially exposed, predominantly hydrophobic groove on the surface of VP1. This observation was confirmed quantitatively by analysis with CASTp, which ranked a predicted pocket including and surrounding position 276 fourth among 96 predicted pockets (data not shown). This pocket was found to be partially occupied by a loop spanning residues 292 to 297 of a symmetry-related VP1 monomer in the crystal structure. What structural consequences the changes at position 276 may have, and how these changes may influence pathogenicity (for instance, by disrupting some interactions that are normally required for expression of the vvIBDV phenotype), is not known yet. Only one segment B sequence of an attenuated vvIBDV (IBDVmd) is available from data banks. It reveals two genetic changes, at VP1 positions 96 and 161, from its vvIBDV parent strain (IBDVks) (66) . An alanine at position 276 is also present in these particular strains and thus is not a prerequisite for vvIBDV attenuation. However, positions 96 and 276 are brought into close proximity by protein folding (25, 45) . Hence, the same VP1 domain might have been affected by different mutations in IBDVks and in the pathogenic vvIBDV parent of 94432. Further insights might come from comparative studies between related polymerases: infectious pancreatic necrosis virus (IPNV) has valine (V265), which is isosteric with threonine, at the homologous position (67) . Three positions surrounding Val265 in the IPNV crystal structures exhibit hydrophobic amino acids smaller than those in IBDV VP1. It is possible that these smaller amino acids maintain the backbone conformation in this region by accommodating the additional methyl groups of a valine (compared to an alanine) at position 276. Taken together, these observations suggest the possibility that the introduction of a hydroxyl group by the alanine-to-threonine alteration at position 276 may change intermolecular interactions between this VP1 hydrophobic pocket and another, as yet unidentified molecule. The potential effect of the T276A substitution on intra-and intermolecular interactions will need to be evaluated in additional studies.
Finally, the present study also highlights an interesting aspect of the pathogenesis of acute IBD. It is indeed striking that apart from mortality and the severity of clinical signs, the only parameter to be significantly modified for most of the pathogenic viruses (Avv B94, A94[CRvv]B94, A94[V321A]B94, A94Bvv, AvvBvv, and AvvBvv-61) was the ability to induce histological lesions in extrabursal lymphoid organs, such as the spleen and the thymus (Fig. 5C and D, 6C , and 7C and D). This observation is consistent with previous reports showing that vvIBDVs cause extensive histological damage in nonbursal lymphoid organs (68) (69) (70) (71) . It has been suggested that an immunopathological mechanism may play a role in vivo in the development of IBD-induced lesions (71) . Whether such a mechanism could explain more-severe lesions in extrabursal organs is not known.
Taken together, these results demonstrate that both genome segments are important for vvIBDV pathogenicity and provide new targets for their attenuation using reverse genetics.
